Abstract The Atlantic Meridional Overturning Circulation (AMOC) is continually monitored along 268N by the RAPID-MOCHA array. Measurements from this array show a 6.7 Sv seasonal cycle for the AMOC, with a 5.9 Sv contribution from the upper mid-ocean. Recent studies argue that the dynamics of the eastern Atlantic is the main driver for this seasonal cycle; specifically, Rossby waves excited south of the Canary Islands. Using inverse modeling, hydrographic, mooring, and altimetry data, we describe the seasonal cycle of the ocean mass transport around the Canary Islands and at the eastern boundary, under the influence of the African slope, where eastern component of the RAPID-MOCHA array is situated. We find a seasonal cycle of 24.1 6 0.5 Sv for the oceanic region of the Canary Current, and 13.7 6 0.4 Sv at the eastern boundary. This seasonal cycle along the eastern boundary is in agreement with the seasonal cycle of the AMOC that requires the lowest contribution to the transport in the upper mid-ocean to occur in fall. However, we demonstrate that the linear Rossby wave model used previously to explain the seasonal cycle of the AMOC is not robust, since it is extremely sensitive to the choice of the zonal range of the wind stress curl and produces the same results with a Rossby wave speed of zero. We demonstrate that the seasonal cycle of the eastern boundary is due to the recirculation of the Canary Current and to the seasonal cycle of the poleward flow that characterizes the eastern boundaries of the oceans.
Introduction
The Atlantic Meridional Overturning Circulation (AMOC) is an important component of the climate system since it makes the largest oceanic contribution to the meridional transport of heat [Ganachaud, 2003] . Due to its importance, the strength of the AMOC is continually monitored along 26.58N by several moorings grouped in three sets according to their location: east of the Bahamas, at the Mid-Atlantic Ridge, and over the African slope south of the Canary Islands . This ocean observing system is known as U.K.-U.S. Rapid Climate Change-Meridional Overturning Circulation and Heatflux Array (hereafter the RAPID-MOCHA array) and its data have changed our understanding of the AMOC Kanzow et al., 2007] . Among others, it changed the previous paradigm where the seasonal anomalies of the AMOC were dominated by fluctuations of the Ekman transport [Bryan, 1982; B€ oning et al., 1994; Jayne and Marotzke, 2001] . Chidichimo et al. [2010] found, with the first 4 years of data, a peak-to-peak seasonal cycle of the AMOC of 6.7 Sv, and attributed 5.2 Sv of this seasonal cycle to the eastern boundary. Kanzow et al. [2010] corroborated the results and showed that the mean strength of the AMOC is 18.7 Sv northward, with the maximum in fall and the minimum in spring. From the three main components of the AMOC at 26.58N, that is Gulf Stream (T GS ), Ekman (T EK ), and upper mid-ocean (T UMO ) transports, Kanzow et al. [2010] found that T UMO is the largest contributor to the seasonal cycle of the AMOC, with a peak-to-peak seasonal amplitude of 5.9 Sv. They found that the T UMO has its highest (lowest) southward flow in April (November) and therefore the AMOC has its lowest (highest) northward transport in April (November). Zhao and Johns [2014] extended that analysis of the RAPID-MOCHA array data to the first 7 years and found a similar pattern.
differences between the eastern and western boundaries, which are related, in first order, to the wind stress curl forcing at these boundaries. They concluded that the seasonal variation of T UMO is almost entirely due to changes in stratification at the eastern boundary, which is caused by local wind stress curl variations. Based on the results of Chidichimo et al. [2010] , that report no significant seasonal density anomalies deeper than 100 m in the RAPID-MOCHA moorings located 1000 km offshore of the African slope, Kanzow et al. [2010] state that the transport anomalies dominating the seasonal cycle of T UMO do not correspond to basin-scale coherent flows but rather to flows concentrated within a narrow band along the eastern boundary. In contrast with these studies, Yang [2015] , using model simulations, found that the seasonal variability of the AMOC at 26.58N is due to the redistribution of water mass, driven by both, local and remote wind stress forcing. In this context, it is natural to ask if this strong seasonal cycle has been observed along the eastern region of the North Atlantic Subtropical Gyre, and specifically near the RAPID-MOCHA moorings at the African slope.
The eastern region of the North Atlantic Subtropical Gyre, around the Canary Islands, includes the southward flowing Canary Current (CC). The first studies of the CC, using historical hydrographic data [Stramma, 1984; Stramma and Siedler, 1988; Stramma and M€ uller, 1989] , determined a seasonal change in the structure of the subtropical gyre, with the CC flowing closer to the African coast in summer. Some authors have found that the variability of the CC in the oceanic region of the Canary Islands, i.e., far away from the continental slope, is driven by the wind, and its transport is well explained by the Sverdrup balance [Fraile-Nuez and Hern andez-Guerra, 2006; Mason et al., 2011] . Using one hydrographic cruise per season north of the Canary Islands, Mach ın et al. [2006] reported that the seasonal cycle for the oceanic region of the of the CC at 328N ranges between the lowest transport of 2.8 6 1.0 Sv southward in April (the authors suggested that the low value in winter is the result of a migration out of the sampled region of the CC), to the highest transport of 4.5 6 1.2 Sv southward in fall. P erez-Hern andez et al. [2013] confirmed that CC in the oceanic region of the Canary Islands migrates offshore in fall and has a transport of 5.8 6 0.2 Sv southward. Hern andez-Guerra et al. [2003] found that the variability in the flow through the Lanzarote passage (LP) was different than the variability of the CC in the oceanic region of the Canary Islands, attributing this difference to different forcing, and therefore different dynamics driving the flow in the two areas. These authors found that during fall, the flow in the LP reverses its direction, with a mean northward transport of 1.7 6 0.2 Sv for the North Atlantic Central Water (NACW) and the surface waters [Hern andez-Guerra et al., 2003] . For the NACW and intermediate waters, Mach ın et al. [2010] attributed the northward flow during fall to isopycnal stretching due to wind forcing. In the NACW and SW, P erez-Hern andez et al. [2015] attributed the northward flow during fall in the LP to the recirculation of the CC. For the surface waters, some authors [Pelegr ı et al., 2005; Laiz et al., 2012] have also associated this reversal in the LP with the upwelling off northwest Africa and the associated Canary Upwelling Current (CUC).
Due to the important role attributed to the eastern Atlantic, in this study, we describe the seasonal cycle of the eastern region of the North Atlantic Subtropical Gyre in the Canary Islands that includes the CC and the flow through the LP. We use hydrographic data from two cruises carried out in a box-shaped domain around the Canary Islands, in the region where the eastern component of the RAPID-MOCHA array is located (Figure 1) . CTD, VMADCP, and LADCP data are combined with inverse modeling in order to determine absolute geostrophic transports in the Canary Islands region during fall and spring. The objective of this paper is to show whether there is a dramatic change in the circulation between April and October, and if the circulation of the CC and the flow through the LP have different dynamics, associated with different forcing mechanisms. We also include a sensitivity study of the linear Rossby wave model used by Kanzow et al. [2010] to determine if this model is appropriate to describe the seasonal cycle of the CC and the flow through the LP and, therefore, open the question about its appropriateness for explaining the seasonal cycle of the AMOC. We hypothesize that the seasonal cycle of the LP is due to the recirculation of the Canary Current and to the seasonal cycle of the poleward flow that characterizes the eastern boundaries of the oceans.
The remainder of the paper is organized as follows. In section 2, the different data sets are described. In section 3, we show the main results: the circulation around the Canary Islands estimated using the geostrophic approach and using an inverse model. We also assess the representativeness of the observations. In the next section, the discussion, we describe the sensitivity study of the linear Rossby wave model and discuss the appropriateness of this model to explain the seasonal cycle of the CC and the flow at the eastern boundary. We finish with the conclusions in section 5.
Data

Hydrographic Data
Two hydrographic cruises were carried out in fall 2013 (48 stations, 15-25 October) and spring 2014 (51 stations, 4-14 April) as part of the Raprocan project, the Canary Islands component of the Spanish Institute of Oceanography ocean observing system Tel et al., 2016] . During the fall cruise, the box-shaped domain was closed in the east by hydrographic stations, while during spring, the box was closed with the African coast (Figure 1) . In each station, conductivity, temperature, and pressure were measured with redundant temperature and salinity sensors from a Seabird 9111 CTD. At each station, velocity data were acquired from a Lowered Acoustic Doppler Current Profilers (LADCP) system composed of a 150 kHz LADCP downward looking (master) and a 300 kHz LADCP upward looking (slave), with a shared battery pack. The LADCP data were processed according to Fischer and Visbeck [1993] . LADCP and Ship mounted Acoustic Doppler Current Profilers (SADCP) data were used to estimate the velocity in the assumed layer of no-motion by comparing the LADCP and SADCP velocity profiles with the geostrophic velocity profile at each station as indicated in Comas-Rodr ıguez et al. [2010] . Data were acquired at each station from the surface down to 10 m above the bottom. Distance intervals between stations were approximately 50 km except for the stations over the African slope, which were 4-5 km apart. Temperature and pressure sensors were calibrated at the SeaBird laboratory before the cruise. On board salinity calibration was carried out with a Guildline Autosal model 8400B salinometer with a precision better than 0.002 for single samples.
Mooring Data
A mooring, named EBC4, has been maintained, with gaps, since 2000 in the LP at 28814 00 N 13828 00 W, with a lower depth of 1280 m (Figure 1 ). The mooring contains five NORTEK current meters and five microSBE37, at 116, 291, 517, 873, and 1204 m, which record velocity, temperature, salinity, and pressure. The first three current meters are located in the upper layers, occupied by North Atlantic Central Waters (NACW); the next two current meters are in intermediate layers that contain Antarctic Intermediate Waters (AAIW) and Mediterranean Waters (MW), respectively. The sampling time interval for the instruments is 2 h. In this paper, we have used data collected between October 2013 and April 2014. The MSLA is a merged product from all available Sea level Anomaly data from TOPEX/Poseidon, Jason-1, Jason-2, Envisat, and GFO satellites. The MSLA data have a temporal resolution of 1 day and are gridded in 0.258 3 0.258 spatial bins on a Mercator grid.
Sea Level Data
Results
Water Mass Distribution
In the Canary basin, the waters above the seasonal thermocline, c n < 26.850 kg m 23 , are characterized on the h/S diagram by scattered temperature and salinity values due to seasonal heating and evaporation (Figure 2) . These waters occupy the upper 300 m in the oceanic region, and the upper 100 m in the stations under the effect of the coastal upwelling, and are considered the surface waters (SW). During spring (Figure  2a) , the stations on the eastern side of the Lanzarote passage (LP) and near Cape Juby have lower salinities and temperatures, due to the effect of the coastal upwelling that is stronger than during fall (Figure 2b ).
Below the seasonal thermocline and through the permanent thermocline is the North Atlantic Central Water (NACW), roughly delimited by 26.850 <c n < 27.380 kg m 23 , between 300 and 700 m depth [Hern andezGuerra et al., 2005] . These waters are characterized on the h/S diagram, both in spring and fall, by an approximately straight line relationship between potential temperature (11.48C < h < 14.98C) and salinity (35.6 < S < 36.1). NACW was sampled in all the stations during the spring and fall cruises, with the waters in the LP showing slightly lower temperature values.
At intermediate levels, between 27.380 <c n < 27.820 kg m 23 , two distinct water masses are found in the Canary basin, the fresher (S < 35.3) and slightly lighter Antarctic Intermediate Waters (AAIW), and the saltier (S > 35.4) and heavier Mediterranean Waters (MW) [Hern andez-Guerra et al., 2001] . The MW, found in both seasons and mostly in the northern hydrographic section, has the highest salinity (>36) on the southern hydrographic section during spring 2014. This high salinity is due to a MEDDY (Mediterranean Water eddy), centered at approximately 1000 m and 18.58W, which carries the purest MW (warmer and saltier) within its core. The AAIW is also found in both seasons, mostly in the southern hydrographic section and in the vicinity of the African slope (LP and Cape Juby). During both seasons the purer AAIW is found in the southern hydrographic section. The purest AAIW is found during fall, with salinities as low as 35.157. During fall the AAIW is more abundant closer to the African coast, while during the spring the AAIW spreads out toward the west.
Geostrophic Transport
To describe the seasonal change in the ocean circulation in the Canary basin, we initially estimated the mass transports using geostrophic velocities referenced at a level of no-motion at c n 5 27.975 kg m
23
(roughly 1950 m), below the interface between the MW and the NADW, for the oceanic region; and c n 5 27.380 kg m 23 (roughly 750 m) in the interface between the AAIW and the MW for the stations in shallower waters. These reference levels have been used previously in the area . The mass transport was estimated along 13 neutral density layers. The surface waters (SW) occupy the first two layers, NACW occupies the next two layers, the intermediate water masses the next three, and the deep water masses are found in the densest layers (see Table 1 ). In the remainder of the paper, we will focus on the transport relevant to the upper ocean branch of the AMOC, this is the one associated with the SW, NACW and the intermediate water masses.
Far away from the continental slope, in the oceanic region, the CC is driven by the wind, and its transport follows the Sverdrup balance [Fraile-Nuez and Hern andez-Guerra, 2006; Mason et al., 2011] , while the coastal upwelling and the poleward flow characteristics of eastern ocean boundaries, under the influence of the continental slope, drive the ocean on both sides of Lanzarote. Based on that, we carry out the analyses separately for both regions, the oceanic region, and the region under the influence of the continental slope and the coastal upwelling. We use the term eastern boundary (EB) to include both sides of Lanzarote, i.e., the LP and the area just west of Lanzarote, both under the influence of the continental slope circulation.
To point out the differences between the oceanic region and the waters at the EB, we have integrated the mass transport separately in the oceanic stations and in the EB for spring and fall, choosing the stations for each region based on the water masses analysis and the circulation patterns ( Figure 3 ). As, we will describe later, we attribute this differences to different forcing mechanisms and therefore to different dynamics for Table 1 ). The colors of the dots, as indicated in the legend, correspond to the three sections (northern, southern, and western) and the stations in the LP for each cruise. The vertical dashed grey line corresponds to the minimum salinity value found in the intermediate waters during spring (S 5 35.157). NACW stands for North Atlantic Central Water, MW for Mediterranean Waters, AAIW for Antarctic Intermediate Waters, and NADW for North Atlantic Deep Waters.
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The transport in the oceanic region in spring and fall presents a similar vertical behavior, with approximately the same transport flowing southward in the northern and southern (including the western) sections, independently of the transport in the EB.
We have estimated, within the volume delimited by the box-shaped domain of hydrographic stations for the spring cruise, and the hydrographic stations and the African coast for the fall survey, the total accumulated geostrophic net mass transport. During spring (fall), this geostrophic net mass transport shows an imbalance of 21.30 Sv (-0.50 Sv) for the SW, 21.60 Sv (-1.70 Sv) for the NACW, and 21.0 Sv (-0.90 Sv) for the intermediate waters ( Figure 4 ).
To determine more precisely the transport at the different layers, we corrected the initial geostrophic velocities using the LADCP velocities averaged where the geostrophic shear and the LADCP velocities were closest for each station [Comas-Rodr ıguez et al., 2010] . However, the use of the LADCP velocities does not totally correct the imbalance (Figure 4 ), neither for spring nor fall. Mostly, the LADCP velocities correct the geostrophic velocities in the southern and northern sections of the LP. The level of no-motion used in the shallower waters (c n 5 27.380 kg m
23
) of the LP corresponds to the interface between the MW and the AAIW, and this interface changes rapidly due to the strong interaction between the ) per layer for the spring and fall cruises using the geostrophic velocities (dashed) and the geostrophic velocities corrected with the LADCP velocities (solid). The four panels correspond to the transport through (a) the northern and (c) western-southern sections at the eastern boundary, that includes the Lanzarote passage and the flow just west of Lanzarote; and (b) the northern and (d) western-southern sections of the oceanic region. The hydrographic stations used to compute the integrated mass transport per layer for the oceanic region and the eastern boundary are indicated in the legend. Positive sign is for divergent flow, i.e., out of the box; while negative sign is for convergent flow, i.e., into of the box. In the northern section, southward flow will be negative; in the westward section, eastward flow will be negative; and in the southern section, southward flow will be positive.
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opposing flows of the intermediate water masses. Moreover, this interface will change with the season, since, as we will describe later, there is a strong change in the circulation in the LP between spring and fall. In order to obtain a better estimate of the velocities at the reference level, we use an inverse model.
Inverse Model
To reduce the mass transport imbalance obtained using the geostrophic and LADCP velocities, and therefore increase the reliability of the mass transport estimates, we use an inverse box model that based on the conservation of mass allow us to estimate the velocities at the reference level. Following Hern andez-Guerra et al. [2005] and P erez-Hern andez et al.
[2013], we applied an inverse model to the volume delimited by the box-shaped domain of hydrographic stations, and the African coast in the case of the fall survey. The box model includes the conservation of mass per layer, the total, and an adjustment for the initial Ekman transport:
where x and z are the along box transect and vertical coordinates, respectively; q is the density at each interface. The integral terms are derived from the reference velocity (b) and the relative velocity (V rel ). The term E k designates the Ekman transport.
Once discretized, the equations of mass per layer and the total form the following matrix equation:
where A is a matrix with size the number of layers Q ð Þ3stations N ð Þ, n is a column vector whose elements are the noise for each equation, C is a vector representing the degree of initial imbalance in each layer, and x is the column vector containing the unknowns of the system: Figure 4 . Total integrated mass transport (Sv) along the box-shaped domain per layer for (a) the spring and (b) the fall cruises using the geostrophic velocities (blue, dashed), the geostrophic velocities corrected with the LADCP velocities (blue), inverse model velocities obtained using the geostrophic velocities as initial guesses (red, dashed), and inverse model velocities obtained using the geostrophic velocities corrected with the LADCP velocities as initial guesses (red). Positive sign is for divergent flow, i.e., out of the box; while negative sign is for convergent flow, i.e., into of the box.
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To solve the inverse problem, we applied the Gauss-Markov method which produces a minimum error variance solution from the initial estimates of the unknowns. Since the solution provided by the method depends on the variance of the velocity field, we have used a priori variance of mass transport of (1. The main outcomes of the inverse modeling are the velocities at the reference level, along with their error covariance. The difference between these velocities and the initial geostrophic velocities referenced to the LADCP measurements is small, in the range 1-2 cm s 21 for both seasons ( 
Adjusted Geostrophic Transport
The velocities at the reference level estimated using the inverse model allow us to compute the adjusted geostrophic mass transport ( Figure 6 ). Using the inverse modeling results, the total adjusted geostrophic mass transport imbalance during spring (fall) is 20.7 6 0.2 Sv (-0.1 6 0.2 Sv) for the SW, 20.3 6 0.3 Sv (-0.0 6 0.3 Sv) for the NACW, and 20.1 6 0.3 Sv (-0.4 6 0.4 Sv) for the intermediate waters.
As observed with the geostrophic transport, during both seasons the transports of the SW and the NACW in the oceanic region is southward, flowing through the Canary Island archipelago. In the oceanic region (Figures 6b and 6d) , and for the SW, NACW, and intermediate waters (c n < 27.820 kg m 23 ), the transport through the northern section is approximately the same that the transport through the western and southern sections, with a very similar vertical distribution. In the EB (Figures 6a and 6c) , and for the SW, NACW, and intermediate waters (c n < 27.820 kg m 23 ), the transport in the EB shows also a very similar vertical structure for spring and fall, and the transport through the northern section exits through the western and southern sections. In the following sections, we describe in detail the circulation for spring and fall. (Figures 6a and 6b ) and fall cruises (Figures 6c and 6d ). For the two regions, the red (blue) line denotes the transport through the northern (southern and western) hydrographic sections. The hydrographic stations used to compute the transport for each region are indicated in the legend. Positive sign is for divergent flow, i.e., out of the box; while negative sign is for convergent flow, i.e., into of the box. In the northern section, southward flow will be negative; in the westward section, eastward flow will be negative; and in the southern section, southward flow will be positive.
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V ELEZ-BELCH I ET AL. SEASONALITY OF CANARY CURRENT AND AMOCare well sampled, the associated transport through the southern section is not statistically significantly different from zero. Taking into account the transport of these eddies, we estimate that south of Fuerteventura there is a northward transport of 1.2 6 0.2 Sv for the SW and 1.3 6 0.3 Sv for the NACW waters. This northward transport is coherent with the northward transport at both sides of Lanzarote observed in the northern section.
For the intermediate waters in spring 2014 (Figure 7b ), the mass transports in the EB and in the oceanic region of the Canary Islands are also different. In the LP, the transport is southward, although not statistically significantly different from zero (0.1 6 0.4 Sv); in the southern section of the LP it is 0.6 6 0.4 Sv southward. In the oceanic region, the transport is northward. Between stations 11 and 23, there is a 1.8 6 0.3 Sv northward transport of intermediate waters. These waters enter the box through the western section, between stations 25 and 31 (1.0 6 0.6 Sv) and through the southern section, between stations 31 and 36 (0.9 6 0.5 Sv). The accumulated transport through the southern section, south of Gran Canaria and Fuerteventura, is also disturbed by a cyclonic eddy formed downstream of the Canary Island archipelago, although weaker than the signal at shallower layers; and by an anticyclonic eddy south of Fuerteventura. The strength, at the intermediate layers, of the cyclonic eddy south of Gran Canarias is 2.2 6 0.4 Sv, while the anticyclonic eddy south of Fuerteventura has a strength of 1.3 6 0.3 Sv. This anticyclonic eddy is stronger Figure 7 . (a) Accumulated mass transport (Sv) during the spring cruise (Raprocan1404) for the surface (blue), NACW (red), and total upper ocean waters (black). The dashed blue line is the accumulated mass transport obtained using the geostrophic velocities at the surface from the altimetric mean dynamic topography (SH) and integrating them to the depth corresponding to the lower limit of the seasonal thermocline waters. The accumulation of the mass transport has been computed following the stations, and therefore the x axis corresponds to the distance from the first station. For reference the stations are labeled on the top axis. (b) Accumulated mass transport during the spring cruise for the intermediate waters (layers 5 and 6). (c) Depth of the bottom. For reference, each of the sections, northern, western and southern; and the position of the Canary Islands are indicated. Positive sign is for divergent flow, i.e., out of the box; while negative sign is for convergent flow, i.e., into of the box. In the northern section, southward flow will be negative; in the westward section, eastward flow will be negative; and in the southern section, southward flow will be positive.
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V ELEZ-BELCH I ET AL. SEASONALITY OF CANARY CURRENT AND AMOCthat the anticyclonic circulation found in the surface and NACW waters, suggesting that this eddy lying close to the African slope is associated with the interaction of the intermediate waters with the bottom topography, since this eddy was close to the 1000 m isobath.
Fall 2013
In the EB during fall 2013 (Figure 8 ), there is a 1.7 6 0.4 Sv northward transport of NACW in the LP, and a 1.6 6 0.2 Sv northward transport of NACW west of Lanzarote, between stations 6 and 7 (Figure 8a ). In the oceanic region, between stations 7 and 19, the CC carries southward a total of 2.9 6 0.6 Sv between the SW (1.6 6 0.6 Sv) and the NACW (1.2 6 0.5 Sv). A second branch of the CC transports 2.1 6 0.5 Sv of SW (0.5 6 0.2 Sv) and NACW (1.6 6 0.5 Sv) into the box through the western section (Figure 8a ). The CC flows out of the box between stations 28 and 32, with a total southward transport of 4.2 6 0.4 Sv (2.6 6 0.2 Sv for SW and 1.6 6 0.3 Sv for NACW). This transport is coherent, within the uncertainty, with the transport of the CC in the northern and western sections. Although an anticyclonic eddy with strength of 1.5 6 0.4 Sv is observed southwest of El Hierro. Close to the coast of Africa between stations 38 and 43, there is a NACW northward transport of 3.3 6 0.4 Sv, coherent with the northward transport found at both sides of Lanzarote in the northern section. South of Gran Canaria, there is a cyclonic eddy with a strength of 2.1 6 0.4 Sv for the surface and NACW waters.
The transport of intermediate waters, as shown in the accumulated adjusted geostrophic mass transport (Figure 8b ) is different in the oceanic region than at the EB. In the EB region, 0.5 6 0.4 Sv flows northward through the northern section of the LP, and west of Lanzarote between stations 6 and 8 1.3 6 0.4 Sv flows northward. These northward transports are coherent with the northward transport of 1.8 6 0.5 Sv found between stations 35 and 42 in the southern section. In the oceanic region of the northern section, there is a 
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southward transport of 0.8 6 0.7 Sv between stations 8 and 19. This flow joins the 1.9 6 0.5 Sv of eastward transport that entered the box though the western section, and 2.3 6 0.60 Sv flows out of the box southward between stations 25 and 31 in the southern section. South of Gran Canaria and Fuerteventura, delimited by the 1000 m isobath, there is a cyclonic eddy (also observed in the NACW waters) with strength of approximately 1.8 6 0.2 Sv. This observed reversal of the flow for the lower NACW and AAIW is coherent with the water mass distribution, with the purest AAIW flowing close to the African slope during fall.
Amplitude of the Seasonal Cycle
A diagram summarizing the mean circulation pattern for the SW, the NACW, and the intermediate waters is drawn in Figure 9 , and a summary of the transport in the southern section can be found in Table 2 . The analysis of the data from the hydrographic cruises and the inverse modeling indicates that there is a significant difference in transport between spring and fall, both in the oceanic region and in the EB. Since we have demonstrated that the flow in the southern section was coherent with the observations in the northern section, and that the total CC flowed through the southern section, including the contribution from a second branch that flowed through the western section, we focus the discussion on the seasonal cycle found at the southern section, the closest to the eastern component of the RAPID-MOCHA array .
During spring in the oceanic region of the southern section, the CC transported a total of 2.4 6 1.1 Sv southward, divided into layers as follows: 1.3 6 0.4 Sv of SW, 0.2 6 0.5 Sv of NACW, and 0.9 6 0.5 Sv of 
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intermediate waters (Table 2) . Close to Africa, east of 158W, there is a northward flow of 1.2 6 0.2 Sv of SW and 1.3 6 0.3 Sv of NACW that flows out of the box west of Lanzarote, in the northern section. Closer to the African coast, there is a southward flow of 0.5 6 0.2 Sv of NACW that entered the box through the northern section ( Figure 9 and Table 2 ). In the LP, there is a 0.6 6 0.4 Sv southward transport of intermediate waters.
Altogether during spring there is a northward transport of 0.7 6 0.2 Sv SW, 1.3 6 0.3 Sv of NACW, and a southward transport of 0.6 6 0.4 Sv of intermediate waters.
During fall, in the oceanic region of the southern section, the CC transports southward 2.6 6 0.2 Sv of SW, 1.6 6 0.3 Sv of NACW, and 2.3 6 0.60 Sv of intermediate ( Figure 9 and Table 2 ). Close to Africa, east of 158W, there is a total northward flow of 5.1 6 0.6 Sv that flows out of the box west of Lanzarote, and through northern section of the LP. This flow carries 0.4 6 0.1 Sv of SW, 2.9 6 0.4 Sv of NACW, and 1.8 6 0.4 Sv of intermediate waters.
Between fall and spring, the CC changes in magnitude. If we define the seasonal cycle as Transport Fall -Transport Spring , the seasonal cycle for the CC is 24.1 6 0.5 Sv (Table 2 ). In contrast, the circulation in the LP changes seasonally in intensity and direction. In spring, the total transport in the LP is 1.1 6 0.4 Sv southward, in the same direction that in the oceanic region but, in fall, the transport increases (2.2 6 0.6 Sv northward) and the direction is opposed to the CC for the SW, the NACW, and the intermediate waters. Taking into account this overall common behavior for the circulation on both sides of Lanzarote, we group them together and estimate that the seasonal cycle in the EB, defined as before, is 13.7 6 0.4 Sv ( Table 2 ).
Representativeness of the Seasonal Cycle
Although the months when the cruises were carried out were chosen based on previous studies, and the results are compatible with those obtained by Mach ın et al. [2006] and P erez-Hern andez et al. [2013] , it is necessary to demonstrate that the results are representative of the seasonal cycle in the oceanic region and at the EB. To demonstrate this representativeness, and given the small-scale variability observed in the mass transport and the uncertainty associated with the lack of synopticity, we will use two additionally data sets.
To address the representativeness of the hydrographic data, we deployed a mooring in the LP between fall 2013 and spring 2014. The mooring was deployed in the deepest part of the northern sector of the Lanzarote passage (Figure 1 ) and was designed to monitor the main water masses that flow through the passage. This mooring has already been demonstrated to be representative of the transport in the Lanzarote passage [Hern andez-Guerra et al., 2003] . In agreement with the observations from the hydrographic data, the mooring data show, for the NACW and the intermediate waters, that the flow is northward during part of fall, this is the last days in October and the first two weeks in November (Figures 10b and 10c ) and gradually transitions to a southward flow. During spring, the flow is southward, with the maximum intensity around March. At the intermediate waters level (925 dbar, Figure 10d ), the mooring observations agree with the hydrographic ones, with northward flow in October and southward flow just before the spring cruise. This seasonal pattern is coherent with the analyses of Fraile-Nuez et al.
[2010] that used 9 years of data from EBC4, 
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between 1997 and 2006 to show that for the NACW, the maximum southward transport was in winter and spring and the minimum was in summer and fall.
The reversal in the flow of the SW and NACW in the LP is also confirmed with sea level observations from altimetry ( Figure 11) . We computed the accumulated geostrophic transport along the ship track for both cruises as done with the hydrographic data, but using the altimetry data, and the depth of the 
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c n 5 27.10 kg m 23 (%500 dbar) as representative for the SW and the upper NACW. This altimetry estimation of the accumulated transport is very similar to the accumulated transport of the SW and the NACW obtained using the hydrographic data, as can be observed in Figures 7 and 8 , where the altimetry estimations are shown. These estimations are highly correlated in spring (0.75) and fall (0.94) with the accumulated transport for the SW. During fall, the correlation is also high (0.74) for the NACW. For the LP (Figure 11 ) and in spite the high interannual variability, the altimetry data shows a strong mean seasonal cycle for the SW and upper NACW, with southward flow from January to October, and northward flow in fall, from October to the end of December. The maximum southward flow is during summer, in July, while the maximum northward transport is in November. The maximum southward transport in July is probably due to the upwelling jet associated with the northwest African upwelling system.
Once we have established that the altimetry data are an appropriate proxy for the circulation of the SW and for the NACW, it can be used to show whether the seasonal changes observed from the hydrographic cruises is representative. Using the approach described in the previous paragraph, that is also used by other authors [V elez-Belch ı et al., 2013], we obtained a composite of the absolute sea level and the associated geostrophic velocities during spring and fall (Figure 12 ). During spring, the southward circulation in the oceanic region, west of Lanzarote, is weaker than in fall, coherent with the hydrographic observations, and the flow in the LP is weakly southward. During fall, the composite shows a strong recirculation cell at the easternmost islands of the Canary Island archipelago. In this cell, the main component is the southward flow west of Gran Canaria. The figure also shows the recirculation branch described by Mason et al. [2011] and P erezHern andez et al. [2013] , that flows northward through the LP. The origin of the recirculation cell seems to be related to the pool of cold waters left by the gigantic filament south of Cape Ghir that develops in the summer, when the trade winds are stronger, as indicated by the minimum in the sea level observed in the composite at approximately 10830 00 W, 31830 00 N, a hypothesis also suggested by previous authors [Pelegr ı et al., 2005; Mason et al., 2011] . Just south of Cape Bojador, the fall composite shows a strong anticyclonic eddy that is marginally observed with the hydrographic data set and that has been previously reported [Ruiz et al., 2014] . Figure 11 . Mass transport estimates in the LP (Sv) using geostrophic velocities at the surface from the altimetric mean dynamic topography, and integrated down to the depth corresponding to the SW. The grey dots denote are the daily estimates in October 1992 to October 2014, the thick blue line is the daily mean and thick blue line is the mean plus one standard deviation. Positive (negative) is northward (southward).
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Discussion
We have shown that there is a dramatic change in the circulation between April and October. The seasonal cycle, defined as Transport Fall -Transport Spring , for the CC is 24.1 6 0.5 Sv for the surface, central, and the intermediate waters. In the region east of 158W, that we denominate EB, the seasonal cycle is 13.7 6 0.4Sv. We have also shown that the circulation of the CC and in the EB have different variability. The circulation in the LP and just west of Lanzarote, that constitutive the EB, has the same variability. The seasonal cycle of the EB is in agreement with the seasonal cycle of the AMOC that requires the smallest contribution for the T UMO to be in fall, since the AMOC has its maximum northward transport in fall.
Once the seasonal cycle of the ocean circulation in the Canary basin has been described, and validated using different data sets, it is natural to ask the role that Rossby waves play in explaining it, since Kanzow et al. [2010] explained 4.3 Sv of the seasonal cycle of the AMOC using a linear Rossby wave model. The results of these authors imply that the seasonal variation of T UMO is almost entirely attributable to changes in stratification at the eastern boundary caused by local wind stress curl variations.
Using the same model of a linear, subinertial response of a stratified ocean to wind stress curl variability as in Kanzow et al. [2010] , and after separating the linearized equations for a stratified ocean into vertical modes, the pressure is described by p x; y; z; t ð Þ 5p n x; y; x ð ÞÁF n z ð Þ, and the response of the pressure for the low-frequency, large-scale wind forcing is
where c n is the nth vertical mode long gravity wave speed and c n 5 bc 2 n f is the long Rossby wave speed for the nth vertical mode, and the projection of the forcing onto the vertical mode is scaled with
Equations (4) and (5) can be solved in a forward time-stepping mode from zero initial conditions using the climatological seasonal cycle of the wind stress curl (WSC) anomaly across 26.58N (Figure 13a ) obtained from the Scatterometer Climatology of Ocean Winds (SCOW). The equilibrium seasonal cycle of p n across the basin then results in a basin wide mid-ocean geostrophic transport anomaly for each mode, of
where the seasonal cycle of p n (x East ) is the solution at the eastern boundary, while the western boundary signal p n (x West ) takes into account the solution at the western boundary and the accumulated effects of Rossby wave propagation from the east. The corresponding meridional overturning transport would be W and SCOW stress curl at 26.58N across the Atlantic until 16.1258W (Figure 13a ), has an amplitude of 5.5 Sv. This amplitude is very similar to the simulation obtained by Kanzow et al. [2010] . Also the simulation suggests that the response is mostly due to pressure changes at the eastern boundary, since the contribution from the western boundary is small (Figure 13b ).
To understand the sensitivity of the simulated seasonal cycle of the meridional overturning transport to slight changes in the different parameters of the model, and therefore assess the robustness of the Rossby wave model in explaining the seasonal cycle of the AMOC, we performed different simulations where we modified the Rossby wave speed for the first vertical mode and the wind stress curl anomaly.
In the first set of tests, we used a Rossby wave speed for the first two vertical modes of c 1 5c 2 50 cm s 21 . A zero velocity means that Rossby waves do not propagate and therefore the observed changes at the western and eastern boundaries are only consequences of the local forcing. In these simulations (Figure  13b ), the seasonal cycle of the meridional overturning transport is very similar to the previous simulations, with a seasonal cycle of around 5.0 Sv indicating that, at least in this model, Rossby waves do not contribute significantly to the simulated seasonal cycle. To understand these results, we did several further simulations where we slightly changed the position of the eastern boundary, and therefore the wind stress curl anomaly that forced the model. Since the SCOW data set has a 0.258 resolution, we performed three simulations where we chose the eastern boundary to be one grid point east and one grid point west of the original simulations performed by Kanzow et al. [2010] . We also did one additional simulation where we chose the eastern boundary to be at the easternmost grid point provided by SCOW.
In the simulation where the eastern boundary was moved one grid point (0.258) west and, therefore, where SCOW stress curl anomaly forced the model right across the Atlantic to 16.3758W (Figure 13c ), the simulated seasonal cycle of the meridional overturning has an amplitude of only 3.0 Sv, with the maximum in November and the minimum in June. If the wind stress curls anomaly forcing the model is integrated one grid point (0.258) east of the Kanzow et al. [2010] simulations, the simulated seasonal cycle of the meridional overturning has an amplitude of 6.2Sv. If the integrations are performed using all the data in SCOW up to the African coastline, i.e., 14.878W, the simulated seasonal cycle of the meridional overturning has an amplitude of 23.8 Sv, i.e., of opposite sign, with the minimum in fall and the maximum in spring (Figure 13d) . From the results of these simulations, it seems that the model used here, that is the same as used by Kanzow et al. [2010] , is not appropriate to simulate the seasonal cycle of the meridional overturning due to its high sensitivity to small changes in the winds that force the model. The reason that the model is not appropriate is because the geostrophic approach is used to obtain the basin wide mid-ocean transport from p n across the basin in equation (6), as done by Kanzow et al. [2010] . The wind forcing should be coherent with the geostrophic approach and its associated scales. In agreement with this statement, simulations (not shown) where the wind forcing is smoothed using a 50 km low pass filter, or where NCEP winds are used, yield amplitudes for the seasonal cycle of the meridional overturning of only 0.5 Sv, coherent with previous studies that did not find important the role of Rossby waves in determining the seasonality of the AMOC [Bryan, 1982; B€ oning et al., 1994; Jayne and Marotzke, 2001] , and with observations from the RAPID-MOCHA array that did not found Rossby waves propagating westward [Chidichimo et al., 2010; Szuts et al., 2012] . Sturges and Hong [1995] and Zhang and Wu [2010] found important the role of the Rossby waves in explaining interannual and decadal variability of sea level and sea surface temperature in the North Atlantic, but not, for the seasonal variability. Additionally, recent results have found that the seasonal variability of the AMOC at 26.58N is due to the redistribution of water mass, driven by both, local and remote wind stress forcing [Yang, 2015] .
If Rossby waves cannot explain the seasonal cycle of the CC and the circulation at the EB, and both sides of Lanzarote, a different dynamical forcing has to be proposed. In the oceanic region, the Sverdrup winddriven circulation has been demonstrated to explain the seasonal cycle in the region [Fraile-Nuez and Hern andez-Guerra, 2006] . However, east of 158W, the Sverdrup wind-driven circulation does not explain the seasonal cycle . It has been speculated that the flow in the LP is due to the upwelling off northwest Africa, the CUC, the upwelling jet that originates in the upwelling front [Pelegr ı et al., 2005; Mason et al., 2011] . However, both during spring (0.7 6 0.2 Sv) and fall (0.4 6 0.3 Sv), the net mass transport for the shallowest two layers, that correspond to the thermal front, were low and therefore the total associated seasonal cycle was only 20.3 6 0.1 Sv. With this low seasonal cycle, we can conclude that the northward flow through the LP in fall has a minor relation to the upwelling, as suggested by Mason et al. [2011] and P erez-Hern andez et al. [2015] . Since altimetry is representative of the surface flow, it is clear that the flow of the SW in the LP is a recirculation of the CC and not the CUC. P erez-Hern andez et al. [2015] found a significant correlation between the seasonal cycle of mass transport in the LP and the upper mid-ocean transport in the Atlantic measured by the RAPID-MOCHA array. Using the mean seasonal cycle, computed with EBC4 data between 1997 and 2010, these authors found a correlation of 0.75 for the transport of the NACW measured by the EBC4 mooring at zero lag, and 0.77/0.85, respectively, at 1 month lag for the transport of AAIW/MW. This 1 month lag indicates that the reversal at the intermediate level found in the LP is detected first in the RAPID-MOCHA array, while the surface reversal occurs at the same time in the RAPID-MOCHA array and in the EBC4 mooring. As pointed by the authors, this suggests two separate driving mechanisms for the northward surface and intermediate flow observed in fall at the LP. For the SW and NACW, the mechanism suggested by the authors is the recirculation of the CC, probably forced by the giant filament off Cape Ghir [Pelegr ı et al., 2005] , coherent with our results. As described previously, this reversal contributes significantly to the seasonal cycle of the SW and NACW during fall. For the intermediate waters, several authors Mach ın et al., 2010] found that the flow of the Canary Intermediate Poleward Undercurrent (IPUC) reverses in the LP, flowing northward during fall. However, all these studies were carried out using data from the EBC4 mooring in the LP, and therefore did not have any information about the flow west of Lanzarote, that we have demonstrated to be similar to the flow in the LP, making the seasonal cycle higher than if just the LP were considered. Although Mach ın et al.
[2010] attributed the northward flow during fall in the LP to isopycnal stretching due to wind forcing, we have found a northward flow on both sides of Lanzarote, as suggested by Barton [1989] , who observed that the poleward flow of the eastern boundary of the Atlantic runs from Cape Blanco to the strait of Gibraltar, and pointed out that this flow could be diverted by the presence of the eastern islands of the Canary Island archipelago. Poleward flows are characteristic of eastern boundary margins, and the joint effect of baroclinicity and relief (JEBAR) [Huthnance, 1984] presence of the eastern islands of the Canary Island archipelago is a plausible hypothesis since the JEBAR effect is a consequence of the baroclinicity of the flow, and its interaction with the topography of the eastern margin of the ocean, that in the case of the subtropical Atlantic includes the coast of Africa and also the coast of Lanzarote, due to its proximity to the African coast. This would explain the large transport found west of Lanzarote that can be considered part of the IPUC. The difference in the observed variability of the CC in the oceanic region and the EB is due to different forcing mechanisms and therefore to the different dynamics in each area.
Conclusions
In summary, we have shown that there is an intense seasonal cycle south of the Canary Islands. The seasonal cycle, defined as Transport Fall -Transport Spring , for the CC west of 158W is 24.1 6 0.5 Sv for the surface, central and intermediate waters. In the region east of 158W, that we have denominated EB, the seasonal cycle is 13.7 6 0.4 Sv. This seasonal cycle is in agreement with the seasonal cycle of the AMOC that requires the smallest contribution to the T UMO to be in fall since the AMOC has its maximum northward transport in fall. The seasonal cycle of the EB cannot be explained by a Rossby wave model, since we have demonstrated that the Rossby wave model used by Kanzow et al. [2010] is extremely sensitive to the choice of the zonal range of the WSC data and reproduces the same results for a Rossby wave speed of zero. We have also demonstrated that the seasonal cycle of the EB is due, at the central and surface waters, to the recirculation of the Canary Current and, at intermediate levels, to the seasonal cycle of the IPUC, the poleward flow that characterizes the eastern boundaries of the oceans and that, in the case of the Canary Islands, flows through the Lanzarote passage and west of Lanzarote.
